The room-temperature freeze-casting method was used to fabricate porous bioactive glass-ceramics. In this method, a glass/ camphene slurry prepared at 601C was cast into a mold at 201C, resulting in the production of a rigid green body that was comprised of three-dimensional dendritic camphene networks surrounded by highly concentrated glass powder walls. After the sublimation of camphene, the samples were sintered for 3 h at elevated temperatures ranging from 7001 to 11001C. As the sintering temperature was increased to 10001C, the densification of the glass-ceramic wall was remarkably enhanced, while its highly porous structure was preserved. The sample sintered at 10001C showed a high porosity of 53% and pore channels with a size of several tens of micrometers, as well as dense glass-ceramic walls. In addition, the fabricated samples effectively induced the deposition of apatite on their surfaces when immersed in simulated body fluid, implying that they are very bioactive.
The room-temperature freeze-casting method was used to fabricate porous bioactive glass-ceramics. In this method, a glass/ camphene slurry prepared at 601C was cast into a mold at 201C, resulting in the production of a rigid green body that was comprised of three-dimensional dendritic camphene networks surrounded by highly concentrated glass powder walls. After the sublimation of camphene, the samples were sintered for 3 h at elevated temperatures ranging from 7001 to 11001C. As the sintering temperature was increased to 10001C, the densification of the glass-ceramic wall was remarkably enhanced, while its highly porous structure was preserved. The sample sintered at 10001C showed a high porosity of 53% and pore channels with a size of several tens of micrometers, as well as dense glass-ceramic walls. In addition, the fabricated samples effectively induced the deposition of apatite on their surfaces when immersed in simulated body fluid, implying that they are very bioactive.
I. Introduction
B IOACTIVE glasses and glass-ceramics are known to form strong bonds to bone and soft tissue through the formation of a crystalline hydroxyapatite layer on their surfaces on contact with body fluid. [1] [2] [3] Bioactive glasses in particulate form can be directly used as periodontal bone-grafting materials. 4 In addition, such materials are often sintered in bulks or scaffolds to produce desired shapes, which subsequently crystallize into glass-ceramics. [5] [6] [7] The bioactivities of such glass-ceramics derived from bioactive glasses are strongly influenced by the development of the crystalline phase and the elimination of porosity during sintering. 5, [8] [9] [10] It is generally accepted that higher sintering temperatures slow the rate of formation of the hydroxyapatite surface layer, owing to both the higher degree of crystallization and the lower amount of surface area available for reaction with the solution. 10 Therefore, it is reasonable to suppose that the bioactivity of glass-ceramics could be remarkably enhanced by introducing controlled open pore channels into the sintered body.
To date, many techniques have been developed to fabricate porous ceramics. [11] [12] [13] [14] [15] [16] For example, tape casting using pore formers is one of the most commonly used methods, owing to its simple processability. 11, 12 Another simple approach is to use aqueous freeze casting with a low solid content (f). 13, 14 This method produces a porous ceramic with a three-dimensional (3-D) pore network, which is representative of the entangled dendritic crystals of frozen ice. Similarly, freeze casting using camphene as a novel vehicle was recently developed, which allows for the freeze casting to be performed at room temperature. 15, 16 Therefore, in this study, we fabricated highly porous bioactive glass-ceramics using the freeze casting of a glass/camphene slurry. This method exploits the fact that a warm slurry prepared at 601C solidifies at room temperature to form 3-D dendritic camphene networks surrounded by glass-ceramic walls, which produce pore channels in the sintered body. The fabricated glass-ceramics sintered at elevated temperatures ranging from 7001 to 11001C were characterized in terms of the development of the porosity and the densification of the glassceramic walls. In addition, the bioactivities of the samples were investigated by immersing them in simulated body fluid (SBF) for 3 and 5 days.
II. Experimental Procedure
A melt-derived bioglass 45S5 with a composition of 46.1% SiO 2 , 24.4% Na 2 O, 26.9% CaO, and 2.6% P 2 O 5 in mol% was prepared using high-purity silica and reagent-grade calcium, sodium carbonate, and sodium phosphate, all supplied by Aldrich. The mixture was melted in a Pt crucible at 14001C for 6 h, and quenched in a cool water bath. The as-prepared particulates were crushed into fine powders. As a vehicle, camphene (C 10 H 16 , Alfa Aesar/Avocado Organics, Ward Hill, MA) with a melting temperature of 441-481C was used without further purification. The 20 vol% glass powder was ball milled with the molten camphene containing 3 wt% of oligomeric polyester (Hypermer KD-4; UniQema, Everburg, Belgium) as a dispersant at 601C for 24 h using zirconia balls as the media.
The warm slurry was then cast into a 2 mm Â 10 mm Â 50 mm mold at 201C and allowed to stand for 30 min to achieve full solidification of the molten camphene. Thereafter, the samples were carefully removed from the molds and placed in a hood at room temperature in a flowing air atmosphere for 24 h, to remove the solid camphene. The camphene-free samples were sintered at elevated temperatures, ranging from 7001 to 11001C for 3 h. The microstructures of the green and sintered samples were examined using scanning electron microscopy (SEM; JSM-6330, JEOL Techniques, Tokyo, Japan). The crystallinity of the sin-tered sample was characterized using X-ray diffraction (XRD; MXP18A-HF, MAC Science, Tokyo, Japan).
The bioactivities of the samples sintered at 9001 and 10001C were evaluated by investigating the mineralization behaviors on their surfaces in a supersaturated SBF with an ion concentration that was 1.5 times that of normal SBF. The solution was prepared by dissolving the reagents in deionized water and buffered to pH 7.4 at 36.51C. The tests were simultaneously performed under static conditions involving soaking in sealed polyethylene bottles with a 1.5 SBF solution at 371C for 3 and 5 days. The surfaces of the soaked samples were analyzed using SEM after gently washing them with deionized water and drying them at room temperature.
A glass-ceramic scaffold having 3-D interconnected macropore channels was also fabricated using the freeze casting of a glass/camphene slurry. Firstly, commercially available graphite (Tokai Crabon Co. Ltd, Tokyo, Japan) with dimensions of 13 mm Â 13 mm Â 13 mm was machined using a mini-CNC machine (Modela; Roland DGA Corp., Hamamatsu, Japan) to produce 3-D periodic channels with a diameter of 1.5 mm, separated by 0.5-mm-thick graphite walls. Thereafter, the prepared glass/camphene slurry was cast into the graphite mold, followed by the sublimation of the camphene, and heat treatment first at 9001C for 3 h to remove the graphite material and then at 10001C for 3 h to sinter the glass-ceramic. The morphologies of the samples were examined with optical microscopy (PMG3, Olympus, Tokyo, Japan).
III. Results and Discussion
The room-temperature freeze-casting process using a warm glass/camphene slurry resulted in the production of a unique 3-D solidified camphene network surrounded by concentrated glass powder walls. After the sublimation of the camphene, the green body had a highly porous 3-D structure reflecting the dendritic camphene network with a porosity of 48%, as shown in Fig. 1(A) . In addition, the glass powders were rejected by the growing camphene dendrites during the freeze-casting process and became concentrated between the dendrite arms or the neighboring dendrites, forming highly packed glass powder walls, as shown in Fig. 1(B) .
Generally, the full densification of the glass walls of a porous body can be achieved when the sample is sintered at a relatively high temperature. However, such a high sintering temperature will inevitably increase the crystallinity of the glass material and decrease the formation kinetics of an apatite layer on its surface. 7, 10 Therefore, it is necessary to control the crystallization and densification behaviors of the porous glass-ceramics during high-temperature sintering. In order to satisfy these requirements, the samples were sintered at elevated temperatures ranging from 7001 to 11001C for 3 h in air.
The crystallization behaviors of the samples before and after sintering were characterized using XRD analyses, as shown in Figs. 2(A) -(E). As expected, the green sample showed the typical XRD pattern of a 45S5 glass phase without any noticeable crystallization (Fig. 2(A) ). On the other hand, after sintering at temperatures above 7001C, all of the samples showed crystallization peaks corresponding to Na 2 Ca 2 Si 3 O 9 phases (Figs. 2(B) -(E)), which were well matched with the results of previous studies. 7, 10, 17 In addition, no other peaks were observed, indicating that the camphene used as the vehicle did not dissolve the 45S5 glass during the preparation of the slurry.
The porous structures of the samples sintered at elevated temperatures ranging from 7001 to 11001C are shown in Figs. 3(A)-(H) . When the sample was sintered at the relatively low temperature of 7001C, its morphology did not change very much compared with that of the green body (Fig. 3(A) ). At higher magnification, the sample showed relatively poor densification, namely, the glass-ceramic walls were made of loosely bonded particles (Fig. 3(B) ). The densification of the glassceramic walls was remarkably enhanced when the sintering temperature was increased to 9001C, while its porous structure was preserved (Fig. 3(C) ). However, incomplete connections between the glass-ceramic particles were still observed at higher magnification ( Fig. 3(D) ). On the other hand, further increasing the sintering temperature to 10001C led to the formation of relatively dense walls with a 3-D porous structure (Figs. 3(E) and (F)). The porosity of the sample measured, calculated by measuring its weight and dimensions, was as high as B53%. It should be noticed that the glass-ceramic walls became flat and thick, owing to the promotion of the viscous flow of the glass during sintering. Very fine crystalline grains surrounded by the glass phase were observed at higher magnification. However, when the sample was sintered at the relatively high temperature of 11001C, the porous structure collapsed, because of the excessive viscous flow of the glass-ceramic walls (Fig. 3(G) ). Only hollow surfaces are visible in this sample, indicating the original sites occupied by pores. In addition, extensive crystallization was also observed at higher magnification (Fig. 3(H) ).
In order to evaluate the bioactivities of the porous glass-ceramics, the samples sintered at 9001 and 10001C were immersed in 1.5 SBF for 3 and 5 days. Both samples showed similar mineralization behaviors, that is, their surfaces were completely covered with apatite crystals (Fig. 4(A)-(D) ). However, the sample sintered at 10001C was found to have faster mineralization kinetics than the sample sintered at 9001C. When the sample Fig. 3 . Scanning electron micrographs of the samples sintered for 3 h in air at 7001C ((A) and (B)), 9001C ((C) and (D)), 10001C ((E) and (F)), and 11001((G) and (H)). sintered at 9001C was immersed in 1.5 SBF, crystalline apatite aggregates were formed on its surface after 3 days (Fig. 4(A) ) and a continuous apatite layer was formed after 5 days (Fig. 4(B) ). In the case of the sample sintered at 10001C, the sample showed a continuous and thick apatite layer after only 3 days of immersion (Fig. 4(C) ). This layer underwent further topological changes during the next 2 days, namely, a large number of hemispherical shaped apatite granules were formed (Fig. 4(D) ).
It is generally agreed that the higher the crystallinity of the glass-ceramic, the lower the kinetics of apatite surface formation in SBF. 9, 10 From this viewpoint, the sample sintered at 10001C should show slower apatite formation than the sample sintered at 9001C. Thus, another factor, i.e., the surface area available for the reaction with SBF, needs to be considered. The sample sintered at 9001C was found to have a larger surface area owing to the presence of micropores in the sintered glassceramic walls. However, it was observed that the sample sintered at 10001C showed faster apatite formation. These unexpected results can be explained by taking into consideration the amount of Na 1 and Ca 21 ions released from the surface of the glass-ceramics. If the sample is too porous, as in the case of the sample sintered at 9001C, which has micropores in the sintered glass-ceramic wall, it will likely release excessive amounts of Na 1 and Ca
21
, with the result that apatite formation will be inhibited. 10 Conversely, the sample with the lower number of pores will require a longer period of time to undergo the precursor reactions required for apatite formation. Therefore, it is believed that the sample sintered at 10001C has a more suitable surface area associated with its 3-D porous structure, thus allowing for faster apatite formation.
Additionally, the proposed method was directly used to fabricate a glass-ceramic scaffold having three dimensionally interconnected macropore channels. This scaffold was achieved by freeze casting the glass/camphene slurry into the pre-machined graphite mold (Fig. 5(A) ), followed by heat treatment at 10001C for 3 h in air. This heat treatment resulted in the formation of 3-D pore channels with a diameter of 380 mm, separated by 760-mm thick porous glass-ceramic frameworks (Fig. 5(B) ). It should be noted that the glass-ceramic frameworks also have 3-D micropore channels. Thus, these macropore channels would be expected to stimulate cell growth on the surface of the scaffold, while the micropore channels increase the surface area available for reaction. These investigations indicate that the room-temperature freeze-casting method using a glass/camphene slurry provides a feasible method of producing porous bioactive glassceramics in various structures, including bulks and scaffolds.
IV. Conclusions
We fabricated porous glass-ceramics using room-temperature freeze casting. In this technique, a glass/camphene slurry prepared at 601C was cast into a mold at 201C, resulting in the formation of a rigid green body comprised of 3-D dendritic camphene networks surrounded by highly concentrated glass powder walls. After the sublimation of the camphene, the sample contained 3-D pore channels with a porosity of 48%. The green samples were sintered for 3 h at elevated temperatures, ranging from 7001 to 11001C. All of the samples showed Na 2 Ca 2 Si 3 O 9 crystalline peaks, indicating that some amount of crystallization occurred during sintering. As the sintering temperature was increased to 10001C, the densification of the glass-ceramic walls was remarkably enhanced, while their porous structure was preserved. The sample sintered at 10001C had fully dense glass-ceramic walls and pore channels with a size of several tens of microns and a porosity of 53%. When the samples were immersed in SBF, continuous apatite layers were formed on their surfaces, indicating that they had excellent bioactivities. Additionally, a glass-ceramic scaffold having three dimensionally interconnected macropore channels was fabricated using the present method.
